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I. INTRODUCTION 


Fundamental knowledge of the interactions of 
neutrons and gamma rays with matter is essential for an 
understanding of nuclear shielding. Most shielding 
studies have been concerned with the attenuation of rad- 
jations by materials in bulk. Little work, however, has 
been done on the effects of ducts and other openings in 
shields. Nearly every shield must be perforated to some 
degree, end leakage through such openings may constitute 
the major uncertainty in the shield design. The M.I.T. 
cyclotron has recently been relocated inside a concrete 
shield. A large movable section of this wall provides 
access to the inside of the cyclotron vault. The par- 
tially elevated door provides a convenient platform on 
which materials can be arranged for test purposes. 

In the present work concrete blocks containing 
Sixeinch ducts were used. The effects of ducts on the 
neutron and gamma ray attenuations in the shield were 
investigated. The practical results of such a study as- 
sist in determining the optimum shape and position of 
openings and voids in shields, The particular experi- 
mental arrangement) which we have used at the M.I.T. cy- 
Glotron provides data of direct value in the theoreti- 


cal understanding of ducts, The use of water tanks in 
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The N.I.T. cyclotron is installed in e room 
whose principal interior dimensions are 22' by 16° by 
12', It 18 shielded by ordinary conerete of thickness 
four feet on each of four sides and three feet on top. 
The general arrangement is as shown in Figure 1, 

Acgess to the interior is by an opening in 
the shield 8'6" high. This opening is eight feet wide 
at the inside of the shield, nine foot wide at the oute 
side. It is slosed by @ sonorete door four Peet thick, 
which 1s lifted vertically into position from @ recess 
in the floor by hydraulic power, The step in its hori- 
zontal cross section at the mid-point prevents the 
straight-through penetration of radiation at the door's 
@0f. eo 

The conerete mix used in the fabrication of 
the cyclotron shield was prepared by the Boston Sand 
and Gravel Company using one part by weight? Type II 
Portiend eament, two parta sand, and four parte gravel 
(1" grated to 1/4"). The chemioal analysis of the ceo 
ment on a weight basis is given in Table I, 
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Figure— | 
Plan View Of Cyclotron And Shield Showing Position Of Ducts 
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TABIZ I 
Ca © 636% (est.) 
SL Oy 22.2% 
Alg o5 501% 
Fez 0, be Si 
Mg 0 Lue 
8 0, 1. 5% 
Mise. 1.&% 


An estimate of the composition of the sand 
end gravel used is based on its origin end given in 
Table Ii. 


TABLE II 
Sand and Gravel Composition 
in aor tee Wall 
(weight basis) 

Sand Gravel 
SL 0, 95.87% 73.60% 
Alg 05 Lo o% so lelyit 
Feo Og 0.04% 0.43% 


Fe 0 0—27% 1.49% 
Ca 0 0.25% 1,088 
Nas 0 0. 88% he20% 
Ky 0 0.61% heh, 


Uo 0 trace trace 
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An analysis of the conorete by Oak Ridge 
National Laboratory indicated « water content of 7.6% 
by weight. From the foregoing, the cyclotron wall has 
an average composition as given in Teble ITI. 


TABLE ITI 
‘Average Composition of Conerete 


res 


SE ZeERO™ 
ere 
ERE SE & & 


he 
3 

© 

oe 

w 

w 


The reaction 3e7(a,n)e° provided an intense 
soures of fast neutrons and energetic gamma raya. ‘fhe 
neutron spectrum from this source has been investigated 
both theoretically and experimentally by Gehen? using 
l4-Mev deuterons (see Figure 2). Since the deuterons 
inoident on the berylifum in the present experinents 
were approximately 15 Mev in energy, the resultiag neu- 
tron spectrum should be very similar to that detexnined 
by Cohen, 

In interpreting the resulte of these experi- 
monts, however, it is desirable to know the spectrum and 
distribution of neutrons at the entrance to the ducts. 
As shown in Figure 1, the duet entranoess are oriented ape 
proximately 90° to the direction of the deuteron beam st 
the tarest. Cbvicusly the aeutron intensity is greatest 
in the forward direction, Roberts and Abelson? found 
five to twenty times as many neutrons eat 0° to the deu- 
teron beam as at 90° using Au, Cu, Al, and 6 targcts, 
and Gu, Ag, Al, and Mn detectors, Recent experinents by 
Falk, Seitz, ond Creutz® using the Be9(d,n) B29 reaction 
show a half-width of 26 desrees for the intensity of the 
emergent neutron cone as determined by Ag detectors (6- 
Mev threshold) and of 31 degrees as determined by Gu dee 
tectors (12.5-Mev threshold), 

From the foregoing, it would be 6xpected that 


atone ttt ey Sata 


eee 


ens wit oS ae 7 ~eeded ed 
fae mineoow ond dined ai #i ,tevewed ,atnom 


oan tiitwninn wen ee “teas pss it ee 
“ga ened memated ott 0 noitoortd ads 0s Oe ulesantiom 
Seetoots el yilanetal mosdven ed yLawolvso ategtad add 
Bawot Canales tae eirede® .notsoexls Sxewre? odd at 
“ad sat oF 90 go enctdves yom os sentd yorewd of ov! 
sBtegtes © Bae .fA .O gwh gakaw SOC Je sa mand soted 

ew adusalteqme dneooy seeodootad a fea ,f4 «BA , HO hae 
wotdvenes “Se (a,b)%et edt yates adword Sas ,sttoe pila 
edt to <tienedal edt sOT sowrm0d AS To dtbhe-Lisd & woo 
3) etedcodab ga W Sodimreded ac aneo soxsvan Iueytens 
<0) sm wi boalmieded 28 Geotged If to Sas (hfodaetds ve! 
a( Dfedeotis veli<,.Sf} asotoas 


dade besoogxe o¢ diver G2 ,galoyorwt 269 sor 


(ASW) ABbsauzg uosjnan 


2 9s2UasaJaYyY WOJ4Y PadNposday 


udsOJDAD = yBungsyyig 
$O Ajisaaaiuf wosy Sudsajnag AAW YI 


wini}|A19g 3O juawPsDquog uUOajnag 


wnajoads Absaug uosjnayy 2 -aunbl4 


02 


o£ 


Ov 


OS 


09 


OL 


08 


O06 


OO| 


Oll 
S}JUN Asdayiquy 


|OAsaju] ABsauz jiup Jaq suodjnaN JO saquinn 


S 7 
_— 
é 
' a 
Ae , 
ina wy 
wy iz 
eT) 


oJ- 


@ small percentage of the neutrons produced at the tar- 
got would be directed toward the ducts. ‘Such neutrons 
must penetrate a minimum of eight inches of scattering 
materiel (brass) in the cyelotron vacuum chamber, dees, 
and resonant lines, The probebility thet a neutron 
from the target would not be scattered before reaching 
the duct is < ,02, 

Insofar eas it affects the neutron spectrum 
and the angular distribution at the duct entrances, it 
is important to distinguish between neutrons produced 
et the target and sleewhers, Sinoe only 10 to 25 per 
oent of the resonant ion beam reaches the target, a 
diffuse source of neutrons will be produced in the sop- 
per of the dee structure and in the tungsten septun, 

4g @ first approximation in these experiments, 
the cyclotron vault may be considered as a diffuse 
source of neutrons. To test this hypothesis, the con- 
erets blocks were rearranged to reposition the straight 
duct as shown in Figure 5. The neutron attenuations () 
for both positions (see Figure 9) ere nearly identical 
over most of the duet length, The results tend to supe 
port this approximation, It appears that the souree of 
neutrons was sufficiently constent over the inner face 
of the concrete blocks to allow without correction a 
comparison between ducts of different shapes located at 
emull G@istances from one another in the! front door of 


the cyclotron shield, a 
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The design and arrengement of the cyclotron 
door is such thet it can be conveniently adapted to an 
experimental study of the problem under investigation. 
hy lowering the cyclotron door, an opening oan be made 
in the shield at its top. By filling this opening with 
conerete blocks containing ducts of a selected size, an 
effective substitute can be made for the actual pene- 
tration of the shield itself, 

4 set of concrete blocks wee designed whose 
overall dimensions in « horizontal plane were identical 
with those of the horizontal cross sestion of the door. 
The primary considerations governing their thickness 
were the size and conformation of ducts to be etudied, 
the allowable overload on the hydraulic hoisting systen, 
and the desirability of separating the ducts from dis- 
continuities in the shielding medium In order to ac- 
comodate counter tubes and their ausociated equipment, 
and, in addition, to obtain e sectional area of duct 
large compared to the area of foils used for detection, 
@ duct diemeter of six inches was selected, A 1/8-inch 
thiek steel plate on top of the cyclotron door made it 
desirable to separate the outer edge of the duct from 
this discontinuity by at least nine inches, Giving con] 
sideration to the allowable overload on the hydraulic 
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hoisting syatem for the door, it was considered desira- 
ble to linit the overload to between four and five tons. 
A totel block thickness of twenty-four inches and over~ 
all weight of about 4.4 tons were accordingly chosen, 
The only difficulty experienced es « result was the lin- 
itetion thereby imposed on the conformation of the heli- 
oul duct. 

For convenienes in handling, the weight was 
divided between eight blocks, The interfaces between 
blocks were offset to prevent the straight-through pen- 
etration of neutrons and gamma reys in the openings bee 
tween blocks, Considerable care wee taken in manuface 
ture to obtain smooth square faces both to minimize such 
penetration and to maintain the shiclding medium as uni«~ 
form as possible, The effects of such discontinuities 
were further reduced by locating the ducts as far as 
possible from them, Reinforcing satcrial was not used 
in order completely to avoid any effects of the nuclear 
reactions that would result from its use, 

Yirst consideration was given to «a duct with 
two right-angle bends ae shown in Figure 3, It was 
thought desirable to penetrate the shield by displacing 
two sections of a straight duet and joining those seeq- 
tions with an intermediate section normal to both, In 
an ettempt to keep as much shielding material as possi-~ 
ble in line with each of the displaced seotions, they 
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were mude equal in length, It seemed probable, moreover, 
that « duct would be effective if the amount of material 
removed in straight lines along the duct exis were kept 
continuously small, A duct was accordingly designed 
whose center line was a helix of helical angle 270°, It 
was necessary to restrict the angle to this value as 6 
maximum in order to prevent the duct from closing on 4 
line normal to the inner face of the shield et the duct 
entrance, 

To compare accurately the attenuations obtained 
in eaoh duct, it was necessary that they either be tested 
under identical conditions of cyclotron operation (an ime 
possibility) or that they be referred to some standard, 
Moreover, it seemed important to investigate the proper- 
ties of a straight duct. Henee, the blocks were designed 
to include such a duct for besic study, At the same tins 
measurements made on the straight duct were used for nore 
mealization of the measurement on other ducts, 

Certain of the investigations required thet the 
duets be closed in whole or in part. CGonerete plugs of 
varying lengths were therefore fabricated es shown in 
Figure 7, 

The composition of the sonerste plugs was thet 
of the concrete blocks, <A recess was provided at one end 
of each block for the insertion of foils and foil hold- 
ers, The variable lencth of the plugs made it possible 
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Figure 7. 


Blocks in place on lowered cyclotron door 
with cyclotron in background. Note foil 
holders in exit of bent duct and concrete 
plugs in position in exit of straight duct, 
Extra concrete plugs are shown on top of 
the blocks, 


Figure Se 


View showing blocks in position and cyclo- 
tron door in the elevated position. Note 
arrangement of foils for measurement of 
redial distribution around outlet from 
straight duct, 


| __ COMPARISON OF ATTENUATIONS OF THERMAL 
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If a thin foil of thickness T and area A con- 
teining N nuclei of absorption cross section o(k) at 
neutron energy % per unit volume is placed in a neutron 
flux av(E), the number of neutrons absorbed per second 
is given by 


P max 
Qe 1 f ete) [a or*Te(8)] ax, (a) 


Sain 
If the foil is exposed in the flux for a time t, anc has 
an aotivity of mean life 7, the radioactivity produced 
will be given by 


Rg = & (1 - eT) éisintegratione per 
second, (2) 


Furthermore, if the detector has a cross seotion which 
varies as 1/v, 


Qe A [ nar, (3) 


Many elements, ineluding indium’45, exnibit a 1/v change 
in cross section and therefore are activated in accord- 
ange with equation (3). tm245 has a cross section of a- 
bout 100 barns at 0.1 ev which inoreases as 1/v for de- 
creasing energies (Sh-minute beta activity). In addi- 

tion, it has a high (26,400 barns) and narrow resonance 
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at 1.44 ov. Cadmium has an obserption cross seotion of 
7800 barns at 0.12 ev which drops sherply above this an- 
ergy. The result of enclosing an indium foil in endmium 
(~1 mm thick) is thet essentially al] the thermal neu- 
trons are absorbed in cadmium, If two equal indium 
foils are simultansously irrediated in a neutron flux, 
one encased in « cadmium holder and one encased in an 
aluminum holder which is essentially transparent to neu- 
trons of o11 energies, the activity of the foll in the 
eadmium holder will be proportional to the 1.44-ev flux 
(indium resonance neutrons) and the activity of the foil 
in the aluminum holder will be proportional te the total 
flux 1.44 ov plus thermals, Simple subtraction of the 
two activities gives an eotivity proportional to thermal 
flux alone. 

This cedmium-difforeance method was used to de- 
tect neutrons in the low energy range. Indium has two 
stable isotopes, tn215, which constitutes 95,5 per oent 
of the natural element, and In™3, watch constitutes the 
remaining 4.5 per cant. Neutron capture in m113 leads 
to two beta activities with halflives of 46 days and 72 
seconds, neither of which was signifleant for our mease 
urements due to the half-lives involved and the small 
percentage of the isotope present, Neutron capture in 
t125 jeads to the Si-minute activity mentioned above 
and also to a l3-second activity; the letter was made 
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three minutes te elapse before counting began, rn 25 
may also be excited by an inelastic sesttering proosss 
to a metastable level at 340 kev, returning to the 
ground state by © strongly internelly-converted gamma 
transition of 45-hour half-life, The thresholé for 
' this exeitation is about 1 Mev and the cross section is 
about 0.36 barn, Bused on the experiments of Tittle, 
Yaul and Yermer*, it ie concluded that this activity is 
negligible in the present experinents, 
: The presence of a foil leads te a perturbe- 
tion of the neutron flux, Sethe? derived the following 
| foil drain factor for discs: 


16S OE at» 


euie oO (1. ao) * o* 884 (=u) (5) 


negligible in these experiments by allowing st least 


where e * averege absorption prebebes tty for 
any neutron striking th il; 


& = thieknoss of the foil; 


a * ester of the meen free path in 
® 


BR. = logarithmic energy intervals 
Ry = radius of the foil; 


seatteringe mean free path of the 
medium surrounding the foils 


diffusion length for neutrons in 
the medium surrounding the foil. 
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Yor foils sompletely surrounded by concrete the érein 
correstion used was 1/1,0102, Due to the large scetter- 
ing mean frees path in aix, f is negligible for foils lo- 
sated within ducts, No drain corrections were sade for 
suoh foils, 

A eorrestion for the attenuation of the cade 
mium holders must be made because of the appreciable 
eross section for ledinwov neutrons (11.5 barus). This 
correction has been caleulated by means of equation (5) 
@8 1ell for lemm cadmium holders, lacey, Paine, and 
Coonan? tnvestigeted this correction experimentally 
and obtained a cadmium attenuation facter for resonance 
neutrons of 1,12, A correction of 1,11 was used in all 
computations in this work, 

Neutron fluxes in the high energy region were 
obteined by threbhold detection, a erude method of neue 
tron spectroscopy which makes use of varying thresholds 
for activation by high energy neutrona, The predominant 
factor in determining the actual threshold energy for 
noutron ectivation is the prebvebllity function for pene- 
tration of the ooulomb barrier by the proton or alpha 
pertiole which must de expelled to preduce a radioactive 
daughter, Bethe’ derived a ponetrability function showe 
ing thet the provabllity of escape of o charged particle 
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Ps exp| te y (EI ; (6) 
where g [ee 


v(x) «| x°2/2 are cos x¥/? « (1 = x)¥2] ; 


x #8; 
B 
» total kinetic energy of the 
Saieh. Minette enter ot Suinaeess 
ps «k2s?. = barrier height 
R va . 


The penetrability function thus caloulated is with respect 
to the center of mags, and therefore its effect must be 
added te the reaction threshold E,, to find the incident 
particle energy in laboratory coordinates for a given pen- 
etrabllity factor, 


Hay 2 (7) 


Q = energy of the reaction, 
Ay * maas number of the neutron, 
fp @ SS number of the target nucleus. 


Tt was decided to use phoaphorua >> and aluainun”? 
for detection of fast nevtrone in these axper iments. 
p32(n,p)si32 hes @ threshold of 3.9 Mev caleulated by e- 
quations (6) and (7) for 6.5 penetretion probability, and 
leads to & 17-minute bota activity in si34, Similarly, 
0227 (n, p) me”? has a threshold of 4.6 Mev for 0.5 penetra- 


a. ee 2 es 


a | 
i al i > 
a 
Ne lieing! RR (eg Bh Ng - 
pis 


oe sedi Ry it 


oy 


niet 


a —— , 


+ TAA ei aed 


emia wine 
Wh 44 bealetso 
sneneibidikh tele tn spend 
te protsrvises eet 
ereh 2 wnphey 


peayersiies = OPS BE 


king liad es We eebdwot 


| SNP AER rte 9 Ste 
eUeatinta §Afte ak wivtees ated otuntn-0tl » of abso 
“emetemeg Us wit vem 3.4 to Oiodeomte » aad “egy (go) Tr, 


abavints 
; _ 
ty 
j p a 
| ¥ as | ' 
iv ir 
EBs 
ry as et 
; aay aay ) 
1 
4. ‘= Sire he 
‘ ’ he 
ae 
| 


a wy bs 


The indium foils used in these experiments 
were the same foils used by Tittle, Dacey, Paine, and 
Goodman®, end Delano®, They were cut from sheets sup- 
plied by the Indium Corporation of Americe and guaran- 
teed to be of 99.97% purity. The sheets were hand- 
rolled to a thickness of 0,003 inch, or about 56 me/om*, 
The foils were die-cut to a diemeter of 3 om and care- 
fully weighed, These foils were calibrated by Tittle, 
and his calibration factors, which are tabulated in 
Tables 2 end 3 of Decey, Paine, and Goodman?, were used 
throughout this work, 

The aluminum foils were those used by Delano 
and Goodmen®, They had been out with 1 3/16-inch dies 
from 99.8% pure 0,024-inch thick aluminum sheet, The 
phosphorus foils were made from 1/l6é-inch thick, 1 3/16- 
inch diameter lucite rings filled with AOS powdered red 
phosphorus and covered on both sides with Seoteh tape. 
These foils were considered to be "thick" to the beta 
rays emitted, and no corrections were made for the 
Slight variations in mass between the foils, 

The folls were counted on the counters used by 
Ritt1et) ony Dacey, Pains, and Goodman’, and by Delano 
and Goodman® (see Figure 6). These counters consisted 
of two Victoreen mica window beta counters (Model VG- 
Special) mounted in cylindrical lead shields, Pulses 
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from the counters were fed into two standard amplifiers 
and seales-of-sixty-four, An electric timer operated 
the counters on a cycle of: one minute off, five minutes 
on, One minute off, five minutes on. 

Deleno® determined the counters te be linear 
beyoné 20,000 counts per minute. No counting above 
10,000 sounts per minute was attempted in these experie 
ments, and generally counting was done below 5,000 per 
Minute. Henee no corrections for counter dead tine were 
necessary, 

Counter No. 1 hed 4 slightly higher sensitivity 
then counter 2. This was corrected by computing «@ counte 
ing ratio according to the following equation: 


pe ls © 
C22 ° C2) 
where Oy, * activity of foil 1 in sounter 1, 
Cog * activity of foil 2 in scunter 2, 
Cra = eotivity of foil 2 in counter l, 
Ga, * activity of fell 1 in eounter 2, 
Rh # gounting ratio between the counters 
for qual foll asetivities, 
By the simple expedient of counting two foils simultane- 
ously in the two counters, and switching the foils be- 
tween the counters, a counting ratio of 1,048 was deteare 


mined to well within one-half of ons per cent acourdey,. 
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Tn on ettonuation experiment, the foil holders 
were suspended within the ducts by Seoteh tape from e 
anall wire ring which was allowed to spring out tightly 
against the duct walls (ses Tigure 7). The phosphorus or 
aluminum foils were located et the axis of the duct. The 
cadmium-covered indium foil ané the eluminum-covered tne 
éium foil for one position within the duct were located 
equally distant from the duct axis, the assumption being 
made that if there were « flux gradient across the duct, 
it would vary syumetrically about the axis of the duct, 

With the foils in place and the door closed, 
the cyclotron wes opersted for five to thirty minutes, 
An attempt wes made to irrediate the folis farthest from 
the source sufficiently to get stetistically significant 
eounting retes without activating the folle nearest the 
cyclotron to such o degrees thet unusual delays were re- 
quired before these folls could be counted, 

After irrediation, the folls were removed from 
the ducts end counted, the leest active belne counted 
first. Indium foils were counted five minutes on the 
front and five minutes on the back, the scum belng sone 
sidered as proportional te the flux, Aluminum foils and 
phosphorus foils were counted only on the front, the ase 
sumption belne mede that these folls were so transparent 
to fast neutrons thet no important difference would be 
found between the front activity and the back activity. 
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The activity for enoh foil was correcte4’ te the 
end of the activation. Correetions were made for counter 
counting ratios, for cadmium attenuation, and for indi-~- 
vidual foil calibration in accordance with Tables 2 and 
3, page 19, Dacey, Paine, and Gcodmen®, The resultant 
activities wore then considered to be proportional to the 
neutron flux at the foil location, 

Although in these experimente the importent 
consideration wat the relative flux at different points 
and not absolute values, some idus of absolute fluxes may 
be obtained from the celibration of the folls against a 
known flux by Decey, Paine, and Coodman?, 
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Gamna ray measurements were attempted within 
the duct using a standard Victoreen Model 1885 Thyrode 
Geiger tube and an amplifier~scaler, The flux was so 
high thet even at the outlet of the bent duct, the counte 
ing rate blocked the sealer, A second attempt wee made 
using @ amaller Victoreen Geiger tube Model 1567/vxe-ll, 
This tube has s sensitive volume of less than 1/10 cubie 
inch, iven when enolosed in a shield of 2 1/2 inches of 
lead, the counting rete was so hich that ecourate read- 
ings could be obtained over only the last fow feet of the 
Muote 

Aseeptable gemma measurements were finally obe 
tained using « fish pole ionization chamber moniter made 
by the 4.1.7, Health Physics Group headed by Samuel Levin. 
This fonization chamber use¢ oa simple monitoring cireuit 
Geveloped by the Clinton Laboretories, and was calibrated 
with standard radium sources before measurenenta in the 
@ucts were berun. 

In all game measurements reported herein, the 
distance slona the duct axis ia considered te be the dis 
tance from the ontrance of the duct to the mid-point of 
the fonigation chamber, It is realized that this intro- 
duces an error due to the finite sine of the chamber, but 


since the relative camma intensities et any point, and 
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To understand the effects of ducts within 
ehielés, it is neosssary to mow the attenuation of ra- 
afation in a solid shield, Delano and Goodman® investi- 
gated the M.I.T, oyclotron ahicld and obtained attenus- 
tion lengths* of 28.5 ems for both thermel and indium 
resonance neutrons (see reference 6, Figures 14 and 15). 

‘the results of Delano and Goodman were not di- 
reetly applicable to the shield wail in which the prese 
ant ducting experiments were conducted, however, since 
their investigetions were in the wall situated 90° to 
that in which the ducts were located. The bore hole in 
which their measurements were made wac located about 
21.7° from the axis of the deuteron path where it strikes 
the terget, or well within the cone of primary neutrons, 
The spectrum undoubtedly was harder then in the present 
ducting experiments, 

In order to obtain the neutron attenuation in 
the wall in which the ducts were located, « cinmilar ex- 
periment was conducted in which the straight duct was 
filled with conerete plugs of composition equivalent to 


"In this discussion, attenuation length is taken as the 
distence in which the redietion undergoes a reduction 
by a factor of ten, 
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that of the dust blo®ke themselves, The neutron distri- 
bution through the resulting essentially solid shield is 
shown in Figure 10, ‘The attenustion length for indium 
resonance neutrons is about 19 oms and the attenuation 
length for thermel neutrons is oniy slightiy larger, 1.6, 
20.4 Ooms, Although the observed curve of neutron ettenu- 
ation is nearly linew, there is a slight upward curvae 
ture in contrast to Delano and Goodman's results, The 
larger attenuation lengths observed by the latter probe-~ 
bly result from the higher energy meutrons, Presumobly 
the upward curveture in the present ofimves results fron 
the hardening of the spectrum as one moves into the 
shield, It is unclear why s similer curvature was not 
observed by Delano and Goodman, 
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At any point within a duct it is convenient to 
consider the neutron flux at a given energy as made up of 
three components, ‘The first component, hereafter called 
the “direst” component, is made up of those neutrons 
whieh are inoident on the duct opening and are trananite 
ted direstly through any straight seotion of the duct 
from any source without striking the duet walls or pass- 
ing through the shield material. Another way of deserib- 
ing this @irest somponent is to consider it as composed 
of those neutrons which wouid be present in a duct in @ 
shield material which is perfeetiy opaque to neutrons and 
has a wore scettering cress section. 

The second, or “transuitted,* component con- 
sists of those neutrons which are incident upon the wails 
surrounding the duet opening, penetrate the enield mate- 
riel, and are scattered into the duct somewhere along its 
length, Otherwise stated, this component consists in en- 
tirety of 411 neutrons not incident directly upon the 
duct opening but which are later found within the duct, 

he third, or “seattered,” component is made up 
of those neutrons which pess through the duct opening and 
are seattered one or more times from the duet walls as 
they proceed down the duct. This component oan be cone 


aidered to bse the “streamed” or “canalized" component. 
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To & goo? first approzimetion, the trensmitted 
component is given by the flux in solid concrete as shown 
in Figure 10, exoept for the first few inches of the duct. 
Ta other words, the flux of neutrons which is transmitted 
through the shield material te a foll located et, for ex- 
ample, thirty inches from the entrance of the straight 
duct, is alxoet exactly the flux which is found at thirty 
inches fm e sclid shield with the enme ineident flux and 
spectrums, This ignores the emell contribution from the 
neutrons incident on the plug at the entrance, 

. The seatteree component is mt susceptible of 
Girect caleulation cr experimental ceterminetion, but it 
may be obteined by subtracting the transmitted plus die 
reot components from the total obtained from direct exper- 
iment. This has been dene end pletted in Pigure 11 for 
resonance neutrons in the sizeinch streight duct in con- 
orete, The scattered component, sxcept ovar the first f 
few inches of the duct, is almost exactly exponential in 
form, and is the major contribution to the total flux 
over the entire length of the duct beyond nine inches, 
The dirset component, on the other hand, is less then 
twanty per cent cf the totel flux except over the first 
six inches and the last cighteen inches. It appears from 
Figure 11, however, thet for six-inch ducts longer than 
forty-eight inches in concrete the direct component would 
begome dominant, and that 1t would be dominant for even 
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shorter duets if they were of a diameter smaller than 


eix inches. 


These three components are shown schematically 


for eo streight duct in Pigure 10-e, 


Pigure 1lO0-a 


{ 


(G) ——-—-rmmurormmnemmn = Girect component 


~ ——— ss transmitted component 


lo) -—-—|—<-+ =~ === soattered component 


- BB - 


aad? telleme sedomahS a Yo exew yedt IL atoud weds0ds 
| sacdont xla 

ULseldanedoe awodn ots séavmaqnoo seris esecT | 
+8-0L steait at tous ¢dptssta » 102 


PHOMOGMOD FOOTED = ememmmemnmnmnmerm { i} 


~ 29 «= 


The Girest component of the flux within « duct 
is susceptible to direct mathematical derivation as fol- 
lows? 

Assume & plane isotropic source of neutrons at 
the entrance to a siruight duet of radius r in a complete- 
ly neutron opaque non-seattering shield material. (The 
assumption of a plene isotropic souree is believed to be 
& good one for the present investizatiom.,) Consider the 
activation of a foil at the duet entrance A and et Ba 
distence 2 within the duct, 


A 
L 
2B 
—> 
r 
Figure 10-b 


Assume the foil at A is activated to an activity Ao and 
the foil at 8 to an activity Ay which is related to A, by 
the retio of the area of the duct opening to that of the 
hemigphere of radins Z : 
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Sines the direct eompenest ia not important over much of 
the duct length, any error in the derivation of the equa- 
tion for the direct component rasulting from the assuap- 
tion of a pinne isvtropie sources does not produce a sige 
nificant error in the computation of the other two compo~ 
nents. 

Assuming ¢ress seations as given by Goodman™®, 
the scattering oress sections for the concrete used in 
these oxperinents were 11.4 barne for thermelsa, 6.0 barna 
for indlua resonance neutrons, and 1.13 barns for fast 
neutrons, Thus, os shown in the Appendix, one would ex~- 
pect that the soattered couponent of the fast neutron 
flux would experiences a areater attenuction in e given 
length of duct then would the scattered component of the 
Pesonence or thermal noutrons, and also that the direct 
and soattered components of the fast neutron flux would 
experiance greater attenuation at duct bends, This late 
ter phenomenon is increased by the greater forwardness of 
the scattering of fast neutrons in the laboratory coordl- 
nates. 
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@. Therma) neutrons: If we apply the considerations 
outlined above to the curves obtained by experiment, many 
significant affects oan be qualitatively understood, It 
ean be secn from Figure 12 thet under the particular cone 
Aitions of these experiments, the attenuation of thermal 
neutrons in all duets is exsentially exponentiel. From 
this 4t would eppeer that the direct somponent never bee 
oomes over-riding for these usutrons, Sinee a comparison 
with Figure 10 for neutron flux in solid conerste indie 
cates thet thia latter flux is a smell fraction of the 
flux in the duct at the sano Genth from the front wall of 
the shield, the tranonitted component is also seen to be 
unimportant exoept for the first few mean free paths in 
the duct. As & result, the scattered component is by far 
the mont Laportant over most of the duct Length, 

There ars perturbations from the straight expo- 
nential form in tha ourves of Vigure 12, however. The 
helical duct curve resnines appreoiably above the exponen- 
tial for almost the first fifteen inches of its length. 
This would appear to indicate thet the first, or trans- 
mitted, component is more important over the first seoe- 
tion of the helical duct as compared with the others, In 
the heileal duct, the first foot of duet length removes 
the duct only about nine inohes from the face of the dust. 
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Im the other two duets, the first foot of length renoves 
expect, therefore, that thors would be a h4gher trans- 
mitted component of thermels feeding inate the duct from 
the conorste over the first fow inches of the holies. 
duct, expecially ainoe the curve for thermals in selié 
eonerets, Figure 10, slows reletively hich thermal ine 
tensities in this vielnity. 

Tt soy aleo be seen from Figures 12 and 13 thet 
the attenuation in the duct with two right angle bends 
shows @ marked dip downwerd from the exponential in the 
vieinity of the two bends, and that this éip is more proe 
nounced at the firat vend than st the second, This woulé 
Seer to indicate that the first bend eliminates the seaee 
ond, or direct, component from the soures, and that 4 
given length of bent duct results in greater attenuation, 
even for thermel neutrons, than en aquel length of 
atraight dust. A new direct component, originating in a 
virtesl soures on the outboard walls of the first bend, 
ia projected down the second straight seetion of the duct. 

The curve for the duct with two right angle 
bends 1s slightly flatter over the length between the two 
bends than over the reat of ite length. Thig cen be une 
daratood when one considere that over this length the 
firet, or transmitted, component undergoes no decrease whate 
soover, cince the duct is perellel to the front face of 
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‘the shiel4, wherens over the rest of the length the duct 
4s parpentiouler to the front fees of the shisld, an¢ the 
‘transmitted component here 15 ettemated as chown in Fige 
ure 10, 


All three duet curves show a slight downward 
trend over their last ten inches, This may be explained 
by pointing out thet the foils at the ends of the aucta 
had no material behind thom, and that they were, theree 
fore, not subjected to a flux of thermal neutrons scat~ 
$ered back upon them by materfal lonated to their rear, 
In other vorés, the fells within the duat proper were ube 
jeot to o certain amount of albedo effeat from concrete 
farther from the front of the shield than they, The 
folls et the duct exits were not under this influence, 
end thus their readings would be expected to be lowar, 

Certain other experimantel data seen to confirm 
that the omount of material remsining affects the attenume 
tion obtained. The attenuations of thermal neutrons ere 
compared in “igure 1’ for two redioally differant experie 
mental eonditions, Tn one ease only balf the conerete 
blocks (twonty~four inches) were im place; in the other 
all dlocks (forty-cisht inches) were used, Gomparison of 
the sttenuations for theses portions of both ducts within 


& distance of twonty-four inches from the outer face indie 
gates identical relaxation lengths, Yor e given seotion 
of duct the attenuation fe thus geen to depend partially 
on the amount of shielding mferial beyond thet seotion, 


muapernnn edith: ad Seek atede cove hente 
RtOMb ett To whme odd dm altar add gare cvo gntsmtog Ve 
setads yen Yous toed Aus mote dmkded Intaogss on bail 
*te0e Rawtiuen Lamsvdd To ust ® 0% bevontdue gon ,oT0% 
SHE TONE 02 Dedanal Lorre: YW mode soqu dood bet? 
ee Saew weqom Fowh gue atittw alo om? yoSr0W TedGo aT 
etetoNe® ROT there obudis Ye tmeme aledts0 2 oF soot 
CE OAT ani? DLoteie ott Yo Mert odd mov? totsaet 
| yStmentia wths sede: don exw wtixe tou ett #0 eftot 
steel 20 0y betooges off bluow opntBent uheds aud? das 
aetinee Ot moat xfad istucntioge wddo nlottet 
emnntge ot toon yclnksmes Lebtstan to tavans odd sade 
ona aavatveR Lacmed? To emoktametde oct .Sentetdo molt 
obtegxe sapteTIts yiieetbet ows vol °L emylt ct deteqmoo 
OtyEOMDS OS Lind Yin see ovr aI .amoltihaoe Latmem 
werite off a2 yoosly at stew (eedent iu2-yenows) astoald 
WO soeltaqad® ,been etew (eoriont fiato-~sret) axeoedd Lis 
sidtiw tows ited to eneieweg encdt tot amolttavuedds eA? 
eidal eoat wiuo ef? wor? aedent wwr<ytoous to sonedals 
sciguse sevig s 10% ebitgned mivansiot fcelteeht sadso 
Viator Seeqes oF oees eudt of gelsamoests od? tous Yo 
sOlioes fads teoyed Leltetem gutbietds 1 income edd no 


(if fA ZAK 


Set 


Seuss sosceereziz 
one Se 


La 


BSESD YI SSADIG ax 


Seeeence=! 
Sy a 


oa Yd 


A iz 
i | Nd 
| 
| 


oa ALS 


LLU LG UAGE 
= 255 


===: jeseige 122 /252255050 00200005082 


ETEEES 12 FEESE sie ease 
Ty = = = sm Last 
So HEEL etilissuaeitasfftoooaat S5Ss 
MT TI = T t+ 
ie ea SpE REE LE HEHEHE aie 
FREE EHR REEEE HEHEHE EECA ee FEEEEEE 
ct ee PEPE ert Hata 
geSr == [SS22=2 =ss=caaa8 s =S======== 


i Tio 
ce 


sae e e22 222 22222222222 
S E=SSE === [S========= 
= io 22555 2S22 22 S222 < ee 
= SSSSSSSscas AV FALL PAA APSO 
fe SEs SEES i== AeA AE A ALLL 
Sees issss i éteeeh | PACE | NN 
we as 
or Sceese BESCEEE EEE eoe Koo =Sescs FESSE 
AN acai cee a! Gai La eg | = 
Se) ERS Se teBea we 
eH PEELE 
(ai pt 
= ===> 
= =. 
iJ 
Zee Ss 


= ae Boel =55 fant ie iisi =e ue + 6 0 
2e acess 
a“ 355155 aga ae 


zie Sc aiiiaeiit 4O5¢ bends 


Sie Sffsts (eTPLEaHEnEL i 


a iE EREE te CLs 


20 
DISTANCE FROM 7 OR © pe Re None 


'= 


q 


oe 


2 6 6 ue @ fe 


bie 


ene 5 


> @e 


+ 
+ 


- Whe 


the atterustion of thermal neutrons in éuetes 
of the shapes currently investigated oan be summarized, 
therefore, 2s roughly exponential, with an attenuation 
length ef avproximately 50.7 ome for sixeineh cirouler 
ducts in concrete, and with minor perturbations due to 
boundary and ¢ceometrical affects et shield surfaves and 
Gust bands, 


Se Indium resonance neutrons: The curves swmeerise 
ing the resulta of attenuation experiments for indium 
resonance neutrons, Figure 14, are qualitetiveiy similar 
to those for thermel neutrons, “igure 12, There are some 
marked quantitetive differences, however, Perhaps ths 
moet obvious is that the attenuation length for resonances 
neutrons is considerably less then that for thermals, cs 
con ba immediately seen in Pirures 13, 15, end 16. Yhe 
attenuation Length for resonance neutrons in all duets 
waa, in fact, about 44,5 @me as compared to 50.7 ems for 
thermal neutrons, This would seem to follow direetly 


from considerations mentioned abeve of the differences in — 


seattering cross seotione for these two neutron groups, 
thus inereesing the attenuation of the scattered compo 
nent, whieh is dominant over the entire length, for the 
reoonanes geutrons as compared to the thermalsa. 

Similar considerations explain the feet thet 
the curve for the two-eright-angile-bend duet has a sharper 
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@rop at the first end for resonenes than for therm ls, 
and is flatter over the length of the midéle pertion, 
which is parellel to the front face of the shiel4, Yore 
resonancs neutrons relative to thermals tend te contime 
on into the concrete at the bends rather than be senate 
tered back into the dust beyon’t the bends simply because 
they encounter g@allur soottering cross aeotions, 

«The albedo effect resulting from mageriel dee 
hing as well e9 in front of the foils, mentioned in the 
thermal neutron (isoussion above os eeausing the slight 
downward trend over the last ten inches of the therm 
aurves, 12 not noarly so important for resonance neutrons 
spines thase noutrons have sumewhat nore "forveediness” 
than the thermels end thus tend to netivate the foils 
from She forward sides only, As a remult, this éomwnurd 
trend over the snds of the curves is not observed to so 
great an extant in the resonuanee curves. 

Aa @ matter of fact, the curves for the straight 
ducte for resonances neutrens actually show # slight upward 
trend in their last few inches, Ona would expect, a2 
shown in Figure 11, thet toward the end of the straight 
duet the seattered somponent would become less important 
as gompared to the direct component. Actually, the last 
faw inehes of the straight duct is the only place where 
the dirast component would be expected to be important, 
If this be true, then the upwerd trend of resonance nove 


tron curves in the straight duct, as shown in Pigures 14 
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ané 15, can be uniarsteod, since the @ireet eemponent has 


this form at this point. Thies effect tse not obtained for 
the last few inches of the helioal or bent ducts, because 
there is no direct somponemt in these ducts beyond the 
first bend. 


6 Past neutrons: As explained in the third section 
of Ghapter II, the neutrons generated in the Be7(d,n) re- 
action in the experimental arrengement used herein, were 
seattersé at least once and provably several times before 
atriking the wall in which the duete were located, The 
result of this soattering was that the neutrons in that 
part of the spectrum cepeble of agtuatine either alumisu 
oy phosphorus foil threshold detectors was not intense, 
and it proved Giffieult to obtain statistierlly signifi- 
oant results very fex into the dusts. The difficulty wes 
iner@ased by breakdown of the cyclotron for a target box 
change which reeulted in e beam current of deuterons less 
then helf that obtained before the change wee made, With 
phosphorus foliis and three-hour irradiation runs, however, 
it wae possibie to obtuin Daizly geod results et least 
through the second semi of the bent duct. Thess results 
are plotted on Figure 19. 

It ia immediately apparent that the ettenuation 
length for fust neutrons in the ducts waa considerably 
lese than thet for the resonence and i hermale, and was in 
fact only 24.4 oms over that portion of the curve whieh 
approaches the true exponential. 
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i The curva for fast neutrons, howaver, departs 
mugh forther from the exponential over ite entire length 
then do any of the others, The first departure, markedly 
upward, t# in the first few inches of the ¢uct. This is 
believed to be due almost entirely te the rery high con- 
tritution af the tranamitted component in this position 
which rasultea from the lonz mean free path for fast nene~ 
troms iv aclid conerete as compared te thermals and reso- 
mance, In othar words, for fast neutrons, the. tranamite 
teé cumponcnt appesars to dominate for the first ten 
inohes of the dust lencth. 

‘The fast neutron curve 1s flatter than the othe 
ers between the bends af the bant duct. This is due te 
two eonplinentary factors: the very muah less scattering 
eress section for fact neutrons, which desreases the seete 
tared component at the first bend, and the greater mean 
free path for fast neutrons in ovoncrate which permite the 
transultted component to vecoms more intense with reapsat 
to the others, The result is that the trensmitted oanpoe 
nent ie dominant over the section of the dant duet bee 
tween the bends, end since this component is constant 
over this distances, relatively little attenuation is ob- 
tained. 

The breeks in the fast neutron curve at the 
henda are much ahirper than those in the thermal and reae- 
onence curves et the aanme points, This, again, 18 ox- 


plained by the consideration that the seettering ross 
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section of concrets for fast nentroas ie sonelderabdly ; 
doss then for neutrons of less energy, and thet fast nene 
trons in collision with « seettering nucleus herve greater | 
forwerdseas in laboratory coerdinetes, ‘These fest neue 7 
trons tand, therefore, to sentinus on into the walls Ine 

gtead of souttering beck into the duets et bends, : 


aaah Cee We mk hs Od 45a tra. ‘ 

Gonsi¢ering the ultimate function cf ea shield, it Le im 

portant to determine tho effect of ducts on the total 

number of noutrons which penetrate the shield, In addie 

tion to the neutron flux intensity from the duct proper, 

it 1s neoessary te know the radial distribution over the 

face of the shiclé around the duct outlet. The effeot of 

the duct can then be determined by summing up the contrie 

butions of ali elements of area around the duct and adé- 

ing then te the contribution of the duet proper. . 
fo obtain the distribution sround the duct exit, 

folle were arrenged radially around the outlet of the 

streight duct. ‘The resulting distributions are shown in 

Tigure 21, Seth the thermal and the indium resonances neue 

tron flux decrenes rapidly with inoressing distence from 

the edge of the duet, Tn spite of this, however, the to- 
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tal comtribution te the resonance flux of the area within 
four luches of the duct edees is fifty per cent of that 
of the duct proper, | 
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ie Beonuse of the complex nature of the bountary ; 
Genittns 28 the Guat Gait. station stuly ws ante tn | 
the vicinity of the mid-point of the straicht duet, 
Foils were acein éistritates redislly around the duet 
axis over the interface between two blocks. The reaulte 
ing radicl distritutions are es shown in Figure 22, The 
Qecrenge of both thernel and indium resonances neutron 
flux 12 oxponentiel over « distance of nine inches from 
the ¢uct edge. Bayond thie distanee » deerenss in the 
slope of both curves is observed. inse at larse dice 
tances from the duot the neutron flax would ba expectad 
to became eonstent, this change in slope may represent 
the beginning of the transition between tha renions of 
exponential decrease end thet of sonstent flux, 

the attenuation Lenrth for thernal noutrons was 
detarnined by the latter oxpariment to be 27,9 ems. This 
compared favorably with an averuge value of 26,8 ome ae- 
tormineé from the attenuation of thermal neutrons in the 
straight duct filled with concrete. 

The neutron distributions in the shield around 
the duct suggest that the effect of duots may be strongly 
effected by the composition of the shield, This is in a= 
groement with the eerly experiments of Chalmers). on the 
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6, The effect of voldgat The theoretioal study of 
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the effect of ucts woult be aesisted vy an investigation 
of the effect of volés ina shield, Ag a first step in 
such a program it was decided te study the effect of close 
ing @ atraight duet by various lengths of conersts et the 
outer onf while leaving the inner ond open. Three sxperie 
nents of this kind ware conducted by filling the outer § 
end of the straight duct with twelve, twenty, an¢ thirtye 
aix inches of concrete. Tn ench case folls were arrenged 
on the outer fnoa of the shield in a radial mumer with 
‘Pespect te the centerline of the atraight duct (see Figure 
£) The distributions of thermal snd indium resonance 
neutron flux were as shown in Figures 27 end 28 respect- 
ively. Aithough there ere indloetions that the distrilue 
tions ere Conuseien, confirmetion will require the scoumte 
lation of more experimental data, 


neutron flux as a function of transverse position et any 
given point along the oxie of «a duct. To investigate 
such variations for indium resonance neutrons aix smell 
cedmium-covered indium follies were errenced in horizontel, 
lines norm] to the duct axis, Measuraments were made at 
the mid-point and outlet of beth straight end bent ducts, 


Ta each case the indium resonance flux was found within 
the limits of axperimental error to be eseantially son- 


stant across the duct. 
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& Gomme pays: In comparing the attenuation of gam 
me rays in ducts of various shapes (see Figure 20), it is 
evident that the overall attenuation is considerably af 
feoted by duct length, In penetrating the four feet of 
concrete under the conditions of the experiment, the hel- 
foal duct is shown to heve an effectiveness in attenuat- 
ing genma reys approximately three times that of the 

atreight duct. xtrapolation of the results for the duct 
with two right angle bends suggeste that it is approxie 
mately ten times as effective as the straight duct, 

One important feature of the curves for both 
helical and bent ducts is the auall value of the slope at 
the inner wall, As explained by Delano and Goodman®, the 
genmas within the shield consist of primary gammas from 
the target, gemmas resulting from the capture of thermal 
neutrons by hydrogen, and secondary gammas resulting fron 
the interaction of fast neutrons with the shield constit- 
uents, The production of capture and secondary gammas at 
the inner face would seem to explain thie effect. 

The slope of the curve for the straight duct is 
generally less than the slope of the curve for either of 
the other two duct shapes, More particularly, its slope 
is less than that for the portion of the bent duct which 
runs parallel to the inner face. This would seem to be 


explained only by some component strongly affecting the 
straight duct and not affecting the region of the bent 
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DISTANCE ALONG DUCT AXIS (INCHES) 
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dust described above, Geometricel consideretions and 

the continuelly decreasing slope of the curve for the 

straight duet suggest that the component in question is 
a direct component analogous to that already discussed 
for neutrons. 

A further study of the attenustion of gamms 
in solid sonerete in the region of the conerete blocks 
should make it possible to lsolate the various compo- 
nents contributing to the total effects herein described, 
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T¥. SUGGESTIONS YOR FURTHER WORK 


The experiments reported herein ere only the 
beginning if the effects of ductsin shields are to be 
thoroughly understood, It became apparent during the 
course of the present experiments thet the understand- 
ing of ducts could be advanesd further by experiments 
along the following lines: 


1. An extension of the work with voids; 
in particular, experimentation should be carried out 
with the entrance portion of the straight duct plugged | 
for various distences; that is, voids should be made in 
the exit of the straight duct, and the redial distribue 
tion of neutrons determined soross the outer face. ite 
periments should also be conducted with volds of a fixed 
size (for exemple, twelve inches) located at various po- 
sitions within the shield along the straight duct exis, 

2e A Complete survey of the face of the 
shield with ducts should be made, An Integration of the 
flux over the entire area surrounding the duct as come 
pared to an integration of the flux over the same area 
without a duct is the only method of determining the to- 


tal number of neutrons which escape from a shield as a 
result of its being ducted. This number is the primary 
oriterion in shield design. 
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30 The effect of ducts as & function of 
shield material should be determined, This would be fa- 
eilitated by the use of « tenk filled with water in which 
duets of various shapes could be placed. ‘uch a tenk has 
already been fabricated to fit the M.I.T. cyclotron door 
in place of the blooks used in these experiments, Its 
use with duote of the same size and shape as those used 
in the present experiments should give preliminary indi- 
cations of the function of the shield material in deter- 
mining the effects of ducts, 

4. Duct shapes other than those investi- 
geted in the present experiments should be tested, This 
too should be feciliteted by using the water tanks ree 
ferred to above, 

5. Several more exotic methods of reducing 
the total leakage of neutrons throuch éucts might be 
tried. Among those which the authors feel worthy of in- 
vestigation are neutron traps in the form of extensions 
of the straicht portions of bent ducts at each bend, and 
duct linings of materials heving high cross seotions for 
absorption of neutrons, 

6, The effects of duct oross-sectionel 
area and shape should be determined, It is possible, for 
example, that the aspect ratio (i.se., the ratio of the 
length to the width) of the oross sections of reetangular 
ducts may beve on important bearing on the neutron atten- 
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wation in the dust, 

7. If possible, attenuation experiments 
similar to those reported herein should be repeated on 
the streight duct with the duct length increased by one 
or two attenuation lengths. Such experiments should in- 
@ieste much of the reletive importance and absolute in- 
tensity cf the direct component, since the direct compo- 
nent would be dominant beyond about forty-eight inches 
in the straight six-inch duct, 

& Attempts should be made to obtain data 
on fast neutrons with greater statistical significance 
by increasing the cyclotron beam ourrent, or by using 
longer irrediation tines, threshold detector foil matee 
rials with higher cross sections than that of phosphor- 
us, or electrical countere of the hydrogen recoil type. 


If these suggested experiments should be care 
ried out, & lerge emount of information useful in the 
theoretical analysis and the intelligent engineering de- 
sign of ducts through rediation shields would be obtained, 
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In the calculations, we consider the camposi- 
tion of the concrete to be approximated on a weight basis 
by 


HK « 008k 
O = 50.9 
Si = 48.3 


The contribution of the values of Ne,, for other eonstite 
uents is neglicible. 
Let w » woight of element per unit weight 
of concrete; 

N= muclei/om; 

Teg * scattering cross section, barns; 

M = atomic weight; 

A = Avogadro's number. 
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